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INTRODUCTION 

The myriads of novel chemical processes the new millennium may be expected to bring to future 
generations will require increasingly sophisticated process characterization and monitoring 
techniques. Over the past decades the advantages of on-line. in-situ andlor real-timc spectrometric 
techniques liavc bceii widely denionstratcd. The main challenges for the new millennium will be: 
to achieve higher information yields and sample throughputs: to develop intelligent devices that 
intcipret their own measurement data: to close the feedback process control loop: to probe harsh 
reaction environments in rcal-time: and to reduce total lifecycle costs for on-line spectrometry 
equipment. 

INCREASlNG INFORMATION YIELD AND RATE 

As discussed convincingly by Hirschfeld [ I ]  and by Giddings [2], the most effective way to achieve 
higher inlormation yields is to couple two or more compatible analytical techniques into a single 
"hyphcnatcd" tandem method. Well documented cxaiiiples include GUMS. LCIMS. MS/MS. 
C;C/IMS and GUFTIR. ( I t  may be noted that the term "hyphenated" - popularized by Hirschfeld - 
is somew-hat ofa  misnomer since IUPAC nomenclature prescribes thc use offorward 
than hyphens to depict tandem instrument configurations). Hyper-hyphenated methods. Iicaturing 
a s  inany us four different analytical instruments in tandem have also been described. c.g. 
TG/GC/FTIR/MS [;I. Even more analytical dimensions can be added through "tandem-in-tiiiic" 
configurations such as in ion trapping MS" methods, with n readily achieving values of6  or 7 141. 
Also, it should be pointed out that as inany as four useful analytical dimensions can be added by 
recording temporally [5 ]  as well as spatially resolved spectra. An example of the usc of timc- 
resolved. on-line MS data to deconvolute a complex mixture of coal pyrolysis products, cvolvinp 
tirom a small Curie-point pyrolysis reactor. into its main inaccral constituent patterns. is shown i n  
figure I. 

I Jnforfunately. our ability to add analytical dimensions has greatly outpaced our ability to process 
and interpret niultidiniciisioiial data. Some progrcss is heing reported in the dcvclopment and 
application of principal component analysis techniques for three-way data matrices IC]. Also. thc 
class of algorithms loosely described by the term ANN (artificial neural networks) is in principle 
capable of handling n-dimensional data outputs [7]. I-lowever, most of us are still struggling to 
comprehend multivariate data analysis results for two-way data matrices. Clearly, proccssing and 
intcrprctation of n-way data matrices is an area with much room for progress in the new millennium. 

Whereas hyphenatcd methods are widely known for their ability lo increase infoilnation yields. lcss 
well rrcognizcd is their potential for increasing analysis speed. At first sight i t  is c(iiiiiteriiituitiVe 
that tlie coupling of two instruments in tandem could produce shorter analysis times. 1 lowever. as 
pointed o u t  hy Giddings [2]. to the extent that the information provided by iiidepeiident, tlie 
resolving power of the tandem instrument equals the of tlie resolving powers of the two 
modules. Since inany analytical techniques can trade resolving power for speed the required 
minimuni rcsolution for a given analytical application can often bc reached with both niodulcs 
operating in  a high speed. low resolution mode. as illustrated in figure 2. 

Intcrestingly. low resolution analytical modules also teiid to be easier to miniaturizc (or. perhaps 
niorc correctly statcd. miniaturization tends to rcsult in lower rcsolution) lcading to thc paradoxical 
conclusion that hyphenated methods may well lend themselves better to miniaturization and micro- 
miniaturization and. thus. to use as on-liiic analytical devices. 'fhe added complexity ofthc control 
electronics and software required to control hyphenated devices versus single stage modules  may 
hardly increase the size and cost of large-scale-integrated electronic chips. I n  short. tlie future Ibr 
hyphenated techniques in on-line process analytical applications is likely to bc equally bright as in  
today's conventional analytical laboratory environment where the majority of new (iC systems 
piirchased is now equippFd with an MS "detector". 

PROBING HARSII REACTION ENVIRONMENTS 

'1'hK suitability of stand-off spectroscopic techiiiqucs for probing high-temperature. high-prcssurc. 
high-radiation. highly corrosivc and/or abrasive environments is widely known and is only limited 
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by tlie relatiwly low resolving power for complex clieniical mixtures. by the availability of suitable 
window materials, and by tlie optical properties ofthe reactor contents. Since continuing progress 
can be anticipated in all these problem areas. the role and importance of stand-off spectroscopic 
process analysis techniques niay be expected to help increasing over the next few decades. 

Compared to stand-off techniques. the suitability of typical point detection methods ( i t .  methods 
requiring physical transport of' iiiolecules. sampled at a given point in  spacc and time. into tlic 
detcctnr) for probing liarsh reaction environments is less immediately obvious. Yet. the superior 
separation and identification capabilities of point detectioli methods such as MS (with or without 
chromatographic pre-separation) have time-and-again induced scientists and engineers to LISC MS- 
bused methods i n  highly forbidding environments. An example ofthe use of on-line GUMS for 
monitoring a 600 F flue gas streaiii. laden withabrasivc ash paiticles. on the 71h Iloor oi'a rumbling. 
dusty coal combustor situated i n  a building subject to circadian temperature variations in cxccss of 
5 0  F. is shown i n  figure 3.  

1:ortuitously. tlie use of  rugged sample probes lined with fused silica. quartz or other refractory 
materials is often compatible with the required operating conditions for ;I given point detector. 
purticularly i n  combination with highly Ilexible. readily lieatablc. capillary transfer lines. This 
approach enables successful coupling ofC;C/MS instruments to reactor environiiictits with prcssurcs 
i n  the scvcral thousand psi range. including supercritical environiiicnts (see figure 4) and 
iemperatures i n  excess of  I800 F [8]. Nonetheless, there is considerable room for further 
improvement iii sample transport systcms, c g .  capable of entraining fine particulate matter 
indigenous to the sample stream or produced with the help of ablative laser probes. Anothct 
itncxplorcd. sampling strategy would be to enlist the support of"staiid-offsaiiipliiig techniques" for 
point dctcclors, c.g. by shooting fast traveling vortices. capable ofentraining vapors as well as tine 
particulate matter. across reactors into the point detector inlet. 

III;DUCING INSTRUMENT LIFECYCLE COST 

Most on-line spcctroscopic techniques have a reputation for high capital cquipmcnt cost. very high 
iiiainteiiaiicc cost and exorbitantly high operating cost (due to the need for highly trained operators). 
As a restilt most production managers are understandably rcluetmt to introduce iiovcl spectroscopic 
techniques into existing process operations unless there are serious problems. Conseclucntly. new' 
opportunities for on-linc spectroscopic tcchniques must primarily niay need to be souglit in thc 
development and testing of novel processes and pilot plants. 

Recent breaktlirouglis in tlie design of highly miniaturized and/or microfabricated MS :uialyzcrs 
promise to drastically change the iiistrumeiit lifecycle cost equation for this type ol'analyzer within 
the next few years. Not only are these miniaturized MS analyzer modules (including ion source and 
detector) likely to become available commcrcially at ;1 cost of less tlian US $1.000 but - due to the 
difficulty o f  exchanging or cleaning the very small ion source or detector components - they arc 
nlso incant to be disposable in case o f  failure or dctcrioration. The big advantage ol'tliis approach 
is its potential to greatly reduce overall maintenance cost. 

I'rcscntly. no fewerthan three siicli disposable MS devices are either already available (viz. Fcrran's 
miniature quadrupole head [',I). or may become available soon (viz. a subminiature double focusing 
magnetic device and an FTICR type MS device: both expected to he introduced at the .lanuary 2000 
ASMS conference in Sanibel). Present limitations include limited resolving power ( i t .  tlic product 
of inass range and resolution), as well as relatively low sensitivity and/or spccd. As discussed 
earlier. hyphenation ( cg .  by adding a micro-(iC preparation module) may eveiitually hclp ovcrcomc 
sonic of these limitations. A related area where nia.ior improvements will be needed to match these 
n e w  developments in MS analyzer technologies is high vacuum pumping. Current high vocuuti1 
pitnip technology is expensive and difficult to miniaturize ftirther. 

Finally. tlie major cost 01' using on-line spectroscopic techniques, viz. tlie need for higlily trained 
operators. is only going to come down when the above-mentioncd multidimensional date processing 
and interpretation steps can be fully automated and integrated into the design ol'the spectroscopic 
instruinent. In other words. development ol'surliciently "smart" spectroscopic devices is likely t o  
be the linal hurdlc o r  the way to broad acccptaiice ofon-line spectroscopic technologies into tlic full 
scale process analysis markctplace. 

Rapid developnient ofMS-based and other miniaturized and iiiicro-iiiiiiiaturizcd. M S hnscd on-line 
spectroscopic methods can bc cxpcctcd over the next few decades, eventually resulting i n  tlie 
prcscncc o f  multiple. networked. disposable. hyphenated devices per rractor. 'I'lie tempcirally and 
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spatially resolved iiiforniation produccd and processed by the network will allow an unprecedented 
degree of proccss control and quality assurance. as well as rapid troubleshooting capability it' and 
w k n  human intervention bccomes necessary. 
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Figure 3.  Example of  operating a GUMS instrument, nicknamed “minitmass,” in a harsh industrial 
environment. 

Figure 4. Example of  an on-line GUMS experiment coupled to a bench-scale high pressure reactor 
operating under supercritical conditions. For detailed information, see reference 8. 
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